There have been many studies on the modeling of elution and breakthrough curves of ion-exchange chromatography. A precise representation of elution curves using an appropriate mathematical model is significant for the application and expansion of ion-exchange chromatography. The significance of precise modeling particularly increases when the yield and purity of the product are important. However, no previous studies have proposed a model that can perfectly represent experimental elution curves. We investigated the purification of various metals by anion-exchange separation and determined an optimum condition for purification of an element through trial and error. An appropriate model replicating the elution curves accurately is greatly needed to reduce the testing phase. Consequently, this paper proposes a novel model called the plate theory in multi-path mode, in which three virtual paths are assumed. The results show that this model well represents the experimental elution curves. In addition, the model was validated by comparing the distribution coefficients obtained from the fitting results with those determined by previously reported batch experiments. [
Introduction
High-purity materials are very important in the fields of science and industry. From the scientific perspective, highpurity materials are indispensable for revealing the intrinsic properties of materials and for eliminating the interference of impurities on the effect of certain trace additive elements upon the properties of high-purity materials. Because the types of materials used in electronic devices are increasing, few materials are sufficiently pure. Therefore, establishment of a purification process that can be employed for various metals is required to match the rapid advances of electronic devices.
One of the important applications of anion-exchange separation is the purification of metals. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The anionexchange separation procedure consists of an initial charging-rinsing stage, in which the objective element is fixed in the resin phase and then eluted by changing the composition of the rinsing solution, which lowers the distribution coefficient. The ions, which have significantly higher distribution coefficients than that of the objective element, are retained in the resin bed during the elution stage. Thus, bed purification should be attained. In practice, however, the most efficient refining processes still rely on trial-and-error laboratory experiments.
The profile of the ideal chromatogram follows the Gaussian equation and is symmetrical on both sides of the peak maximum. However, elution curves in preparative chromatography are often asymmetrical. ''Tailing'' is a type of asymmetry in which the elution curve after the peak maximum returns slowly to the baseline. That is, the solute takes a long period of time to be eluted completely. ''Fronting'' is the opposite asymmetry to tailing. In this paper, fronting is particularly connected to leakage faster than the planned or predicted rate based on the distribution coefficient. Accordingly, the skewed elution profiles caused by the asymmetry can cause problems.
To improve refining efficiency, elution of the target element should occur after the tailing of an impurity is completely finished. But excessively long rinsing leads to the fronting of the target element; thus, the yield decreases or the refining efficiency decreases. In other words, it is ideal to prevent fronting of the target element and to collect the effluent just after the tailing of impurities is finished. To estimate the fronting and tailing precisely, establishing an appropriate model of elution curves is necessary.
There have been numerous reports which have attempted to explain the experimental data using theoretical calculations. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Most reports focus only on breakthrough curves. However, Ernest et al. 12) calculated elution curves containing not only the breakthroughs but also the tailings. In addition, Dorsey et al. 24) briefly summarized the modeling of ion-exchange chromatography. Nevertheless, none of the existing models suitably represent experimental elution curves because of discrepancies in the profile between the model and experiment. In particular, existing models do not represent the shoulder appearing near the peak maximum.
Consequently, a simple and intuitive model is proposed in this paper. This model assumes that a virtual multi-path exists in the column and the solutes migrate in each individual path following the plate theory proposed by Martin and Synge, 25) which is called the plate theory in multi-path mode. The results obtained by this model and the experiments are compared and discussed.
Theory

Plate theory in multi-path mode
The plate theory proposed by Martin and Synge 25) has been extended theoretically 26) to illustrate the various phenomena in chromatography.
The plate theory assumes the column is virtually divided into N plates and the solute is always in equilibrium with the mobile and stationary phases in each plate. Then, the elution curve can be represented by the following equation: 27) 
where C N is the concentration of solute in the mobile phase of the Nth plate, namely, the concentration of solute coming out of the column when the effluent volume is v. C 0 is a constant and v p is the plate volume, which is defined as
where v s and v r are the volumes of the mobile and stationary phases in each plate, respectively. K is the distribution coefficient of the solute between the two phases, which is defined as the ratio of the concentration of solute in the resin phase, C r , to that in the solution in the mobile phase, C s :
Generally, ion-exchange chromatography assumes that the solutes are distributed into these two phases, the mobile and resin phases. However, there are actually three phases in the resin bed, as shown in Fig. 1 : (i) the solution phase outside the resin bead, i.e., the mobile phase, (ii) the solution phase inside the resin bead, i.e., the inner pore of the resin bead, and (iii) the resin phase where the ion-exchange reaction takes place.
Based on this distinction, there should be three paths for the solute to pass through: path #1: traveling only in the solution in the mobile phase and not diffusing into the resin bead, path #2: traveling only in the solution phase in the resin bead and not adsorbed in the resin phase, path #3: traveling only in the resin phase. In actuality, it is impossible that one solute travels on only one path among the three paths. Because the solute alternates among the three paths, it is possible to virtually divide the path into three paths from a macroscopic perspective. However, when it is assumed that these chromatograms are independent of each other, the chromatogram can be expressed by the summation of the three chromatograms attributed to the three virtual paths, as shown in eq. (4). This equation denotes the plate theory in multi-path mode.
Subscript AE is the summation of all virtual paths. N ðs m ;s r ;rÞ , C ðs m ;s r ;rÞ;0 and v ðs m ;s r ;rÞ;p are estimated by fitting eq. (4) to the experimental elution curve.
Only one path is assumed in the conventional plate theory by Martin and Synge, whereas the plate theory in the multipath mode is assumed to have the three virtual paths. As a result, a more accurate representation of the experimental elution curve is expected. Concurrently, the fitting is processed by extending the natural number of theoretical plates, N, to a positive number in order to represent the experimental elution curve more precisely.
To verify our hypothesis, we must be able to apply the plate theory by Martin and Synge to each virtually divided path.
Each step of transferring solutes from one plate to the next consists of the following procedure: a fraction p of the solute is transferred from the kth plate to the (k þ 1)th plate by the migration of the solution in the mobile phase, while a fraction 1 À p stays in the kth plate. This transfer is equivalent to that when the solute is distributed between the fraction remaining in the kth plate and the one exiting the kth plate before the transfer step is completed. Accordingly, ð1 À pÞ=p is identical to K in the plate theory defined by eq. (3).
Constant resistivity against the solute transfer in each transfer step must exist so that the solute transfers with probability p from the kth to (k þ 1)th plate. Three types of resistivities are considered, as shown in Fig. 1 : (a) dispersion in the solution in the mobile phase due to the resin bead, (b) diffusion in the resin bead, and (c) the ion-exchange reaction. Resistivities due to either dispersion in the solution in the mobile phase or in the resin bead are caused by the existence of the resin bead. Therefore, the resistivities related to mass action are uniform along the whole column. Adsorption and desorption rates of ion-exchange reactions are constant as long as the eluent solution is the same. Hence, it is possible to apply plate theory to all three virtual paths independently, and the three paths have individual virtual stationary and mobile phases.
For elements which are not adsorbed on the anionexchange resin, such as Ni(II) and alkali metals, the third chromatogram passing through path #3 disappears because the resistivity caused by (c) the ion-exchange reaction cannot exist. For elements strongly adsorbed, such as Fe(III), Pd(II), Pt(IV) and Au(III), the first chromatogram passing through path #1 disappears. All three chromatograms exist only for elements which are adsorbed slightly on the resin. 
2.2
The relation between amounts of solutes in each virtual path Integrating eq. (1) with respect to v gives the amount of solute passing through a particular path.
From eqs. (4) and (5)
The ratio of solute passing through path #1 to the solute passing through path #2 is expressed by R s m =R s r .
Similarly, r s m =s r denotes the ratio of the volume occupied by the solution in the mobile phase to the volume occupied by the solution in the resin phase. If the solutes are fully interchanged between the mobile phase and the inner pores of the resin bead, these two ratios should be equal unless the solute is not adsorbed on the resin.
When an appropriate flow rate is employed, sufficient interdiffusion of solutions occurs and eq. (7) is valid. Furthermore, the assumption that the paths are divided into three virtual options, as shown in Fig. 1 , redefines the distribution coefficient, K, as follows:
This relationship must be established along the whole resin bed during ion-exchange chromatography. Hence, the integrals of the concentration in each path should have the same relationship:
In addition, the equilibrium distribution coefficient, D, of various elements on the anion-exchange resin has been reported by many researchers. 8, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] D is defined by the following equation and is summarized in Fig. 2 .
Whereas K is the distribution coefficient in one plate in ionexchange chromatography, D is the equilibrium distribution coefficient between the constant volume of the solution and the resin.
The following are the elementary steps of an ion-exchange reaction: diffusion in the adherent film, intraparticle diffusion, and the ion-exchange reaction. With few exceptions, ionic reactions in solution are known to be very fast, and there is no reason to assume that this would be different in ion exchangers. 38) For that reason, the rate-controlling step of an ion-exchange reaction is the film or intraparticle diffusion. Namely, an appropriate flow rate enables K to attain equilibrium in one plate, and eq. (7) is validated. Under such a condition, K becomes equivalent to D.
As a consequence, these comparisons can be used for evaluation of the flow rate. In this paper, we use the comparisons to validate the plate theory in multi-path mode.
Experimental Method
We previously reported the purification of Co using anionexchange separation, in which all examined impurities were successfully removed. 7) In the present work, we reexamined the elution curves by changing a few of the parameters in the method described in the previous paper. The parameters were changed to obtain experimental elution curves more suited for fitting.
In the present experiments, the column was filled with a strongly basic polystyrene-divinylbenzene quaternary amine type of anion-exchange resin, DIAION Ò SA10A (Mitsubishi Chemical Corporation, Tokyo). The resin bed was 26.8 mm in diameter and 536 mm in height. Fig. 2 The sorption of elements from hydrochloric acid solutions on strong base anion-exchange resins. 8, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] The separation procedure was devised based on Fig. 2 . In 9 M HCl, Co(II) and some other elements are adsorbed on the resin. Because other elements such as Al(III), Cr(III), Mn(II) and Ni(II) are not adsorbed on the resin, they are separated from Co(II). Subsequently, in 3-4 M HCl, Co(II) is desorbed from the resin but strongly adsorbed elements such as Bi(III), Cd(II), Fe(III) and Zn(II) are retained in the resin, thus separating them from Co(II).
The loading solutions were prepared by dissolving the chlorides of the elements to be examined. Co(II) and the examined impurities, Cr(III), Cu(II), Fe(III), Mn(II), Mo(V), Ni(II) and Zn(II), were added to levels of 20 and 0.2 kgÁm À3 , respectively. All solutions for rinsing, eluting Co(II), and regenerating were prepared with commercial special grade 36 mass% HCl and distilled and deionized water.
The prepared solutions were fed into the column using a feed pump at a constant flow rate. In our previous reports related to the purification of various metals by anionexchange separation, a slow flow rate ranging from 70 to 200 mmÁs À1 in linear velocity was found to achieve successful purification. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] We also reported that an increase in the flow rate decreases the separation efficiency. 11) Therefore, the flow rate was set at 120 mmÁs À1 , which is equivalent to a volume velocity of 69 mm 3 Ás À1 (0.82 bed volume(s) per hour). The solution charged into the column migrated from the top to the bottom, and effluent samples of 20 cm 3 were taken at varied intervals (0 to 700 cm 3 ).
The concentrations of impurities in each fraction were analyzed by inductively coupled plasma-atomic emission spectroscopy (ICP-AES; ICPS-1000IV, Shimadzu). The Co(II) concentrations were analyzed by chelate titration using murexide. 39) Figure 3 shows the elution curves in the anion-exchange separation procedure for cobalt purification. The solid curves corresponding to each element demonstrate the fitting results using eq. (4).
Results and Discussion
Evaluation of experimental elution curves
During the rinsing stage with 9 M HCl after the charge of the loading solution, Ni(II), Cr(III), Mn(II) and Cu(II) were eluted, in this order. This order agrees with the order of equilibrium distribution coefficients in 9 M HCl. The tailing became longer as the equilibrium distribution coefficients increased, even when the equilibrium distribution coefficients were less than 1 (unity). The elution of Ni(II) was complete at 500 cm 3 and that of Mn(II) at 1300 cm 3 . The elution curves of Co(II), Cu(II) and Zn(II) during the eluting or regenerating stages also exhibited long tailings. 
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Co(II) 50 The elution of Co(II) should be noted. Co(II) elution started in the rinsing stage with 9 M HCl, in which Co(II) would be expected to stay in the resin bed. The percentage of Co(II) leakage by 1900 cm 3 in the charged amount was approximately 6 mass%. The cause of this fronting is discussed later. Table 1 compares the charged amounts and the recoveries obtained by integration of the elution curves. The values derived from the fitting results, discussed later, are also listed in this table.
The values listed in Table 1 show that the errors are less than approximately AE10% except for Fe(III) and Mo(V), and so a good result was obtained. The errors of Fe(III) and Mo(V) are À85% and À99:9%, respectively. These results indicate that most of the charged amount of Fe(III) and Mo(V) remained in the column. That is, Fe(III) and Mo(V) are strongly adsorbed on the resin and not easily desorbed, whereas Zn(II) was desorbed with H 2 O. It has been reported that regeneration with a strong basic solution is useful to desorb Fe(III) and Mo(V) from resin. 8) 
Fitting results
The obtained fitting parameters of the plate theory in multi-path mode are shown in Table 2 . The fitting was done with elution curves normalized by the maximum concentration. Thus, the values listed in Table 2 are the integrals of the normalized elution curves. In the fitting in the eluting and regenerating stages, the starting point of each stage was set to v ¼ 0 cm 3 . Therefore, the retention volumes of the fitted results, plus 1750 and 2650 cm 3 , correspond to the effluent volumes of the elution curves in the eluting and regenerating stages, respectively. The elution curves of elements with equilibrium distribution coefficients over 100 were not used for fitting, because their adsorption was too strong to elute.
Elution curves for 1 < D < 10
In this study, the elements which have distribution coefficients larger than unity and less than 10 are Cu(II) and Co(II) in the rinsing stage with 9 M HCl. First, the fitting results of Cu(II) are discussed. Figure 4 shows the elution curves of Cu(II) with the fitting results. The thin lines are the profiles of paths #1, #2 and #3 (illustrated in Fig. 1 ) and the bold lines are the profiles obtained using eq. (4). Hereafter, the other elution curves are displayed in the same manner as these in Fig. 4 . The profile denoted by the open symbols and solid lines is the elution curve of Cu(II) during the charging and rinsing stages with 9 M HCl, shown in Fig. 3 , and the fitting results. However, the entire profile of Cu(II) elution with 9 M HCl cannot be acquired from this profile. For that reason, another experiment, in which the rinsing stage with 9 M HCl was extended to 4200 cm 3 , was conducted and the results of this experiment are shown by the solid symbols and dashed lines.
According to the results of the fitting, both elution curves are separated into only two peaks. The peak of path #1 disappeared. This is because the solutes passing through path #1 are lost as a consequence of the large equilibrium distribution coefficient (8) . The two elution curves have discrepancies in the rising sides of the peaks. The equilibrium distribution coefficients are also under the influence of temperature; 40) the temperature intentionally was not controlled in this study. Therefore, the discrepancies can be attributed to temperature. The elution curves of Co(II) with the fitting results are shown in Fig. 5 . The open symbols and solid lines represent the experimental and fitted elution curves of Co(II) in Fig. 3 , while the solid symbols and dashed lines represent those developed with 4200 cm 3 of 9 M HCl, as illustrated for Cu(II) in Fig. 4 .
Only two peaks are observed in the elution curve of Co(II) developed with 1750 cm 3 of 9 M HCl solution, while three peaks are observed with 4200 cm 3 of 9 M HCl solution. Because some tailing is recorded in the elution curve developed with 4200 cm 3 of 9 M HCl, more accurate profiles and fitting results are obtained. In contrast, the fitting result with the elution curve developed by 1750 cm 3 of 9 M HCl is not acceptable, because only part of the rising side of the elution peak is seen.
The fitting result showing three separate peaks has one problem. As shown in Fig. 2 , the distribution coefficient of Co(II) in 9 M HCl is larger than that of Cu(II). Therefore, it is deduced from the fitting results of Cu(II) that the number of separated peaks of Co(II) should also be two. The breakthrough volume of Co(II) was approximately 1000 cm 3 larger than those of Ni(II), Cr(III), and Mn(II), so it is assumed that all of the Co(II) was adsorbed on the resin during the charging and early rinsing stages. In the rinsing stage, Co(II) was developed with a pure 9 M HCl solution. Thus, according to eq. (10), Co(II) adsorbed at the top of the resin bed was gradually distributed into the mobile phase. Co(II) was desorbed from the resin phase in such a way that it could not be adsorbed again, and it was eluted out of the column, because the functional groups at the lower part of the resin bed were fully occupied by Co(II) during the charging stage. Therefore, the first of the three peaks seems to be the elution of excess Co(II). The excess amount should be avoided for a higher yield.
Elution curves for
In this study, the elements which have distribution coefficients larger than 0.1 and less than unity are Cr(III) and Mn(II) in the rinsing stage with 9 M HCl, Cu(II) and Co(II) in the eluting stage with 4 M HCl, and Zn(II) in the regenerating stage with 0 M HCl. The elution curves and fitting results of these elements are shown in Fig. 6 .
Three separate peaks are observed in each profile and the peaks of path #1 are the highest among the three peaks in all cases, in contrast to the case of Cu(II) shown in Fig. 4 .
The peaks of path #3 of all examined elements shown in Fig. 6 are broad and the long tailings of the elution curves obtained experimentally are attributed to the existence of path #3. The reason for the shoulder appearing in the elution curves was unknown until now. These shoulders are observed near the maximum points in the Cr(III) and Mn(II) elution peaks, and approximately half of the maximum points in Cu(II), Co(II), and Zn(II). This type of shoulder has been observed frequently in anion-exchange separations of various metals. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Fitting with the plate theory in multi-path mode reveals that the peak of path #2 is responsible for the shoulder demonstrated in Fig. 6 .
The breakthrough curves of Co(II) and Zn(II) eluted with 4 and 0 M HCl, respectively, are sharper than those of Cr(III) and Mn(II). The reason is assumed to be the following. Once Cu(II), Co(II) and Zn(II) are adsorbed on the resin, the appearance of the adsorption band is different for each element. Adsorption bands of Cu(II) and Co(II) extend along the whole resin bed, as expected, because they had begun to elute in the preceding rinsing stage, as shown in Figs. 4 and 5, except for the elution of Co(II), which was influenced by its excess amount. The adsorption band of Zn(II), whose distribution coefficient is approximately 100, seems to form a narrow band near the top of the resin bed. The elution curves of Co(II) and Zn(II) in Fig. 6 were obtained when the development solution, which decreases the equilibrium distribution coefficient to less than unity, was applied to the solutes distributed widely or narrowly. Cr(III) and Mn(II) were also developed by the 9 M HCl solution and so their equilibrium distribution coefficients were less than 1, but their concentrations at the top of the resin bed had remained constant during the charging stage. The difference in the distributions in the resin bed caused the differences in the breakthrough curves.
The breakthrough curve of Cu(II) rises as slowly as those of Cr(III) and Mn(II), but more slowly than those of Co(II) and Zn(II). However, the rising part of the relevant elution peak could not be obtained experimentally. Therefore, the profile of path #1 in Fig. 6 does not express the true profile. The true profile of path #1 of Cu(II) should be sharper, as drawn by the dashed line in Fig. 6 . 
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Elution curves for D < 0:1
In this study, the elements which have equilibrium distribution coefficients below 0.1 are Ni(II) in the rinsing stage with 9 M HCl, and Fe(III) and Mo(V) in the regenerating stage with 0 M HCl. However, Fe(III) and Mo(V) did not elute completely, as described above, and the elution curves obtained experimentally were so sharp that the data could not be fitted. Therefore, the elution curves of Fe(III) and Mo(V) are not discussed.
The elution curves and the fitting results of Ni(II) are shown in Fig. 7 . The fitting was processed with the assumption that the peak of path #3 is absent, i.e., the elution curve consisted of only two peaks. Figure 7 (a) shows the result: the twin peaks represent the experimental curve more accurately. This is due to the improvement in fitting accuracy, which is attributed to the existence of path #2. But there is a slight discrepancy between the modeling and experimental curve in the magnified view. The fitting, assuming three paths, was carried out again, and the tailing part changed, as demonstrated in Fig. 7(b) , although Ni(II) was regarded as not adsorbed on the anion-exchange resin. 28) The reason why Ni(II) was not adsorbed is that only Ni 2þ and NiCl þ are present in hydrochloric acid solutions. 41) As a consequence, it is assumed that a small amount sticks to the surface of the resin phase, which indicates weak adhesion and not a chemical reaction.
The relation of amounts of solutes in the three paths
To evaluate whether the solutes are fully interchanged between the solution in the mobile phase and that in the inner pores of the resin bead, r s m =s r in eq. (7) has to be obtained. To calculate this value, we used the true and apparent densities of 1083.4 and 662.0 kgÁm À3 , respectively, 42) and the moisture content of 45 mass%, listed on the specification sheet. Dividing the apparent density by the true density gives the volume ratio, 0.611, occupied by the swollen resin in the unit volume. The void ratio, 0.389, is calculated by subtracting the volume ratio from 1. The product of the true density and the moisture content is the mass of water in the unit volume of swollen resin. Given that the specific gravity of water is 1000 kgÁm À3 , the mass of water is equal to the volume of water in the swollen resin; that is, the volume fraction of the inner pore in the resin bead is 0.488. Then, the product of the volume ratio occupied by the swollen resin in the unit volume of the resin bed and the volume ratio of the inner pore in the unit volume of the swollen resin gives 0.298 as the volume ratio of the inner pore in the unit volume of the resin bed. Hence, r s m =s r ¼ (the void ratio) (the ratio of the inner pores)
Comparing this value with R s m =R s r ¼ 3:27 obtained from the fitting result of Ni(II), it is obvious that r s m =s r < R s m =R s r . Consequently, the interchange of solutes between the mobile phase and the inner pores of the resin bead was insufficient. The full interchange needs a slower flow rate. Table 3 compares the values of K obtained using eq. (9) with the equilibrium distribution coefficients, D, previously reported. 8 The selectivity order by K agrees with that by D. Hence, a qualitative estimation using K seems possible.
A further issue is the quantitative assessment using K. The flow rate used in this work was too fast for the solutes to interchange fully, as concluded above. If an appropriate flow rate was applied to the anion-exchange separation, the value of R s m =R s r would approach r s m =s r ¼ 1:31. That is, the numerator and the denominator in eq. (7) would decrease and increase, respectively. Also, K defined by eq. (9) would increase. As a consequence, the expected values of K at equilibrium are deduced to be larger than the values listed in Table 3 . However, this would cause a larger difference between K and D.
The values of D listed in Table 3 are defined by eq. (10), in which the unit volume of the resin phase is the apparent volume. This apparent volume is the summation of the void volume, the pore volume inside the resin bead, and the true volume of the resin phase. The unit volume of the solution phase is only the volume of the solution not including the solution in the inner pore of the resin bead. As a result, redefinition of D adjusted to K, defined by eq. (9), causes the numerator and the denominator in eq. (10) to increase and decrease, respectively, because the unit volume of the resin phase decreases and the solution phase increases.
Therefore, the true values of K and D are larger than those obtained from the fitting results as well as those previously reported, and so a simple comparison is not appropriate. Further examination is necessary to confirm that K is essentially identical to D. Establishing the relationship between K and D would expand the understanding of the plate theory in multi-path mode.
Conclusions
The plate theory in multi-path mode was proposed and the fitting of this model with experimental elution curves of anion-exchange chromatography for cobalt purification was conducted. Comparison of the experimental results with those derived from the mathematical description of the three assumed paths of ion transport through the resin bed increased the understanding of individual elution peak shapes.
It was revealed that the fronting of cobalt elution lowered the yield of cobalt. As shown by the result of the fitting, this was due to the excess amount of cobalt against the total exchange capacity of the resin bed.
Plate theory in the multi-path mode was validated by the elution curves obtained experimentally. Furthermore, validation of this model was attempted by using eq. (7) and by comparing K and D, defined by eqs. (9) and (10), respectively. As a result, discrepancies occurred because the linear velocity of the mobile phase was not sufficiently low and the definitions of K and D differed from each other. But, the selectivity order of elements by K agreed with those by D, further demonstrating that the concept of plate theory in the multi-path mode is valid.
A greater understanding of plate theory in multi-path mode is needed to reveal the relationship between K and D.
Other models [12] [13] [14] [15] [17] [18] [19] [20] [21] [22] [23] can calculate the elution curves or the breakthrough curves using practical values, such as the size of the resin bead and the diffusivity of the solute in the resin. In contrast, the model proposed in this paper, based on plate theory in multi-path mode, cannot predict these curves using practical parameters. Improved prediction capability is a critical factor for making this model more useful. However, the proposed interpretation of mass transfer in the ionexchange resin bed clarifies the reasons underlying the often skewed elution curve profiles. The effects of peak tailing and fronting can be accounted for by developing new ionexchange separation procedures. In summary, it has become possible to optimize purification processes more efficiently without reliance on trial-and-error experimental results of elution tests. 
